European eel parasites, in particular invasive species, are suspected to have a strong influence on the population dynamics of their host. The aim of this work was to study the relationship between parasitic fauna of yellow eels caught at Salses-Leucate lagoon and the fluctuating asymmetry (FA) of some functional bilateral traits: pectoral fins, eyes and otoliths. Epidemiological distance matrices and FA distance matrices were calculated on the basis of the Euclidian distances between each pair of eel and were then compared with a Mantel test in order to establish if there was a relationship between parasitism and FA. Our results revealed different morphological characteristics between eels caught at different dates; only otoliths were found asymmetric. The parasite richness was of 10 species, 1 Nematoda, 1 Acanthocephala, 1 Monogenea and 7 Digenea. We failed to find a significant relationship between asymmetry and parasitism, except for parasites found in the stomach. We discussed the results in the light of the eel life cycle, the specificity of parasite -eel systems and the impact of parasites on the host physiology.
INTRODUCTION
Preserving the European eel, Anguilla anguilla, is of great concern due to its extensive decline (MORIARTY, 1987; BRUSLÉ, 1990; ELIE et al., 1994; CASTELNAUD and ROCHARD, 1994; WIRTH and BERNATCHEZ, 2003) . A number of factors have been suggested as causes of the decline in the recruitment and in the abundance of the European eel. Habitat loss or fragmentation due to the blockage of upstream passages, mortalities of silver eels during downstream migration, overexploitation and effect of contaminants on survival and reproduction are the most frequently evoked causes of eel decline (BRUSLÉ, 1994 , for a review). Parasites are becoming a major concern in conservation biology because of their ability to evolve rapidly (DASZAK et al., 2000) and are now recognized to play an important role not only in aquaculture but also in natural systems (ALTIZER et al., 2003) . The epidemiology of parasites, the dynamic of their introduction in the case of invasive species and their consequences in terms of host behaviour, growth and reproductive success need thus to be studied in order to protect endangered species.
Fluctuating asymmetry (FA) is the most used measurement of developmental instability; it is a macroscopic measure of the difference of development between left and right from perfect bilateral symmetry ( VAN VALEN, 1962) , caused by environmental or biotic stresses ( VAN VALEN, 1962; MARKOV, 1995; MØLLER and SWADDLE, 1997) . Parasites have been found to be associated with a deviance of symmetry in the development (MØLLER, 1992; POLAK, 1993; REIMCHEN, 1997 , THOMAS et al., 1998 , BROWN and BROWN, 2002 but see also CLARKE, 1998 and PALMER, 1999 . This may be explained by (i) a direct stress caused by the metabolic cost of the parasite on its host (MØLLER, 1992; POLAK, 1993) , (ii) a variation of the abundance of the parasite related to more or less stressful environmental conditions for hosts (KOSKIVAARA and VALTONEN, 1992) , (iii) a relationship between the genetic incapacity to interfere with developmental errors and the susceptibility to parasite (MØLLER, 1996) . Several studies have tested a relationship between FA and parasitism. However, results were not obvious especially when the analyses were conducted on several bilateral traits. These confusing results were mainly due to (i) a low concordance between FA of different traits on a same individual (NOSIL and REIMCHEN, 2001; PÉLABON et al., 2004) and (ii) the fact that not all the measured characters were concerned when a relationship between parasitism and asymmetry was found (BERG et al., 1997; ALIBERT et al., 2002) . We chose to work on functional bilateral traits such as (i) pectoral fins, used for locomotion and equilibrium, (ii) eyes, used for perception of the environment and indicator of the silvering process (PANKHURST, 1982) , (iii) otoliths, used for maintenance of stability and perception of depth pressure, gravity, angular movements and sound waves (BLACKER, 1974) . Moreover, we may hypothesize that if an asymmetry on one trait may not be important on the life of the fish, a sum of asymmetry could interfere with the life history traits of an individual (such as reproductive success and survival). As a consequence, beside the study of simple relationships between a class of parasites species (Digenea, Nematoda, Ancanthocephala, Monogenea) or the micro habitat in which the parasite lives (gills, stomach, intestine or swimbladder) and the asymmetry of a bilateral trait, we decided to calculate an index of asymmetry based on all the measured asymmetric traits. We confronted it to a global index of parasitism based on all the present parasites in each fish studied. We hypothesized that this new approach using all the measured asymmetric traits and all the parasites species should be a more powerful tool (not only in terms of statistical power) to detect, if it exists, a relationship between parasitism and asymmetry.
The present study focused on yellow eels caught in Salses-Leucate lagoon and aimed to:
-make an inventory of the parasitic fauna to evaluate the parasite pressure on the fish living in this site, -examine the association between FA and parasitism and discuss whether parasites should be considered as causes or consequences of asymmetry if a relationship exists.
MATERIALS AND METHODS

Sample collection, morphological and epidemiological analyses
Eighty yellow eels were collected by professional fishermen at Salses-Leucate lagoon (42. . The eels were brought back to the laboratory alive and maintained in freshwater until dissection. Each fish was measured (standard length, SL) to the nearest mm and instantly killed by beheading. Morphological measurements were taken to the nearest 0.1 mm: maximum length of the right and left pectoral fins (LFr and LFl) and horizontal and vertical diameter of the right and left eyes (HDEr, VDEr, HDEl and VDEl). Each trait was measured twice, right and left measurements within a replicate being made during the same measuring session. All measurements were made by a single person to minimize observer variations. The ocular index (OI), which is a measure of eye area to length of the eel (PANKHURST, 1982) was calculated as follows: OI = [((HDE + VDE)/4) 2 × π/SL] × 100. The parasites of the swimbladder were counted during the dissection. Later on, one side of each gill and the digestive tract were examined under a binocular microscope. All the adult parasites were recovered and some of them were mounted under a cover slide for further identification. Species identification was done when possible and classical epidemiological parameters (prevalence, mean intensity and abundance) were calculated according to BUSH et al. (1997) .
Otolith analysis
Sagital otoliths were isolated and measurements were automatically taken with a computer-enhanced video image-analysis system, which also includes the Visilog 5 TM software (Noesis): maximum right and left length (LOr and LOl), maximum right and left width (WOr and WOl) and right and left perimeter (POr and POl). A complete automatic analysis (picture binarisation and measurements) was performed twice on 30 random otoliths pairs. Then, otoliths were embedded in resin and ground (X600 and X1000 grit). After using an EDTA solution, otoliths were stained with toluidine blue to visualise annual rings. The age estimation was made by counting the winter rings (MORIARTY, 1983; LECOMTE-FINIGER, 1985) .
Repeatability, measurement error and evaluation of asymmetry
The repeatability of measurements was assessed as the Pearson correlation coefficient between replicates. Measurements of trait size were highly repeatable (r > 0.95, P < 0.0001 for all traits).
We tested if differences between left and right sides were due to measurement error or reflected true asymmetry. A one-way ANOVA was performed on replicate (l -r) measurements (DAVID et al., 1999) . The F-ratio of this test measures true asymmetry relative to measurement error and is usually considered as significant if F > 5 and P < 0.001. F-ratios were high and very significant for LO (F 29,30 = 1.84E + 15, P = 0.00), WO (F 29,30 = 1.85E + 15, P = 0.00), and PO (F 29,30 = 1.30E + 15, P = 0.00). However, Fratios were not significant for LF (F 79,80 = 4.32, P = 0.009), HDE (F 79,80 = 0.94, P = 0.56) and VDE (F 79,80 = 2.18, P = 0.02), indicating that these traits were not asymmetric. Consequently, morphological results were given only for the left side for these last three traits, which were thus not incorporated in the further analyses. Analyses were conducted exclusively on otoliths asymmetry.
Fluctuating asymmetry (FA) of length (LO), width (WO) and perimeter (PO) of the otoliths was calculated as the absolute value of the difference between the left and the right size of the character divided by the half sum of both sides (PALMER and STROBECK, 1986 ).
Statistical analysis
Kruskal-Wallis non-parametric tests were performed between dates for morphological and otolithometrical characteristics. A Dunn's test (multiple comparison post test) was later performed if P < 0.05 to identify significant pair-wise differences. A linear regression was performed between FA values of LO and WO. In order to study the relationships between asymmetry and parasitism, we calculated "epidemiological distances" considering the individual number of parasite of each species as coordinates (SASAL et al., 2004) and "asymmetrical distances" between eels. As it was done for parasites species by SASAL et al. (2004) , the different FA values of each eel were considered as the coordinates of an eel in a multi-dimensional space, which allowed us to calculate Euclidian distances between each pair of eel and then distance matrices (UPGMA method). We calculated four FA distance matrices (LO, WO, PO, all characters) and seven epidemiological distance matrices (four with the parasite classes, one considering all parasite species and two with the different niches in which they live). Only two niches (intestine and stomach) were used to calculate distance matrices as gills and swimbladder were parasitized by only one class of parasite, i.e. distance matrices were the same as those calculated with monogeneans and nematodes respectively. Each FA distance matrice was then compared to each epidemiological distance matrice with a Mantel test (1 000 iterations) (MANTEL, 1967) . Table I shows the morphological and otolithometrical characteristics of the 80 yellow eels sampled at Salses-Leucate lagoon between March 02 and March 03. The analysis was not conducted on all the otoliths because some of them were broken during the dissection or unreadable. We tested if the morphological and otolithometrical characteristics of the samples were homogeneous between successive sampling dates and from year to year (Table II) . Kruskal-Wallis tests revealed that significant differences existed between dates. Moreover, Dunn's tests showed that the number of significant differences was not homogeneous between dates. Most differences were found between March 02 and October 02, eels caught in March 02 having the smallest values. Table III shows the FA values for each of the three bilateral traits studied. We tested if there was a relationship between the FA of LO and the FA of WO. No significant relationship existed (P > 0.05). We tested if FA of each trait was homogeneous between successive dates and from year to year. No significant differences existed (P > 0.05), except for the FA of LO (11 < n < 34; H = 9.8; P = 0.02): eels caught in December 02 were less asymmetric than eels caught in March 03 (P < 0.05). Age mean ± S.D.
RESULTS
Morphological and otolithometrical characteristics
(min-max) in years LF mean ± S.D. in mm l 9.9 ± 0.9 14.4 ± 2.1 11.4 ± 3.5 11.9 ± 2.3 11.8 ± 2.7 HDE mean ± S.D. in mm l 2.8 ± 0.6 4.3 ± 0.9 4.1 ± 1.1 3.5 ± 0.8 3.6 ± 0.9 VDE mean ± S.D. in mm l 2.5 ± 0.6 4.2 ± 0.8 3.8 ± 0.8 3.5 ± 0.7 3.5 ± 0.9 Table IV shows the epidemiological results on 80 yellow eels of Salses-Leucate lagoon. We found a parasite richness of 10 species: 1 Nematoda, 1 Acanthocephala, 1 Monogenea and 7 Digenea. Prevalences of Digenea showed great variations between species, ranging from 1.25% for species 1 and 2, to 48.75% for Lecithochirium gravidum. Digeneans were also characterised by the highest intensities, in particular Prosorhynchus aculeatus (688 parasites in one eel). On the 7 Digenea species, 5 presented a strict specificity for their niche (stomach for the Digenea species 1 and 2 or intestine for the species Prosorhynchus aculeatus, Bucephalus sp. and Deropristis inflata), and 2 were not niche specific, L. gravidum and Helicometra sp. 
Epidemiological characteristics
Relationship between asymmetry and parasitism
We compared each asymmetrical distance matrice with each epidemiological distance matrice (Table V) . The results showed that no significant relationship existed between any of each four FA distance matrices and any of each four epidemiological distance matrices constructed with species belonging to the same class. Moreover, no significant relationship existed between any of each four FA distance matrices and the epidemiological distance matrice constructed with all the parasite species. On the contrary, significant relationships existed between the FA distance matrices constructed with LO and WO and the epidemiological distance matrice constructed with the species found in the stomach (Lecithochirium gravidum, Helicometra sp., Digenea species 1 and 2). However, no significant relationship existed between any of each four FA distance matrice and the epidemiological distance matrice constructed with the species found in the intestine. 
DISCUSSION
Morphological and otolithometrical characteristics
Major morphological and otolithometrical differences were found between eels caught in March 02 and eels caught in October 02. These results may be related to the difference in the growth rate of organisms between seasons. Growth rate of eels depends on two major factors, diet and temperature (BERG, 1989) , which both present typical seasonal variations, since they increase during summer. Morphological differences were also found between eels caught in March 02 and eels caught in March 03, which suggests that the morphological structure of yellow eels in a same location could be strongly influenced by environmental factors presenting inter-annual variations.
We quantified an average asymmetry ranging from 1 to 4% for the three bilateral traits among the yellow eel sample of Salses-Leucate lagoon, which is close to what has been found in other fish species (SASAL and PAMPOULIE, 2000; LOOT et al., 2001) . The fact that asymmetry showed a rather homogeneous pattern from date to date may be related to a rather persistence of abiotic and biotic stresses associated to a specific environment and/or a homogenous pattern of FA for a given population in a given place. The difference of asymmetry of the length of otoliths recorded between two successive sampling dates is more difficult to discuss. However, otoliths constitute some permanent recorders of the exposure to environment (CAMPANA et al., 1997) , since they are characterised by a daily growth (PANNELLA, 1971) . Their size variation could be related to many factors that could differ consequently from day to day (access to food, local water conditions...). The traits showed generally heterogeneous patterns of FA, that means a low concordance between FA of traits in an individual (NOSIL and REIMCHEN, 2001; PÉLABON et al., 2004) . That is in accordance with our result. It has been suggested that the different traits of an organism would not be equal towards asymmetry. Such a trait-specific susceptibility has been explained by different levels of developmental stability or could depend on the amount of energy and structural components needed to form a unit of length of a trait, i. e. the cost of growth of a trait (APARICIO and BONAL, 2002) . The absence of relationship between the asymmetry of length and the asymmetry of width of otoliths seems to show that such a difference of susceptibility could also exist between traits within a same functional unit.
Epidemiological characteristics
Comparisons of epidemiological values with other previously published data are delicate because of differences in the sampling protocol, sample size and host size/age (THOMAS and OLLEVIER, 1992; MOLNÁR et al., 1994; ROHDE, 1994; POULIN, 2000) , but also because of potential seasonal variations and differences in habitat characteristics (CONNEELY and MCCARTHY, 1986) . We thus decided to minimize the sources of variation by considering epidemiological characteristics of eels (i) having the same size range and (ii) coming from brackish waters (Table VI) . In terms of parasite richness, our results (10 species) concurred with those found in Italy (10 species, KENNEDY et al., 1997) or in Spain (11 species, MAILLO et al., 2000) . The prevalence of the species occurring in all stations is clearly different. The prevalence of the monogenean species Pseudodactylogyrus sp. from Salses-Leucate lagoon is the lowest and presents a great variation from site to site. The digenean species are also characterised by a great variability in the prevalence values. This could be related to a seasonal variation in the life cycle and/or a local absence of one intermediate host. The comparison between sites where A. crassus is present shows that the nematode has the lowest prevalence in eels of Salses-Leucate lagoon. Eels at Salses-Leucate lagoon may be less infected due to the relatively high salinity of the water -usually 33 ‰ (RSL, 2005) . Actually, a negative relationship between salinity and A. crassus infestation level is commonly reported: parasite development and transmission appears to be lower in brackish and marine waters than in freshwaters (KIRK et al., 2000; SAUVAGET et al., 2003) . The weak presence of the nematode in Salses-Leucate could also be due to the mortality of heavily infected eels (GORDON and RAU, 1982; FALIEX and MORAND, 1994; THOMAS, 2002) .
Parasitism and asymmetry
Relationship between asymmetry and parasitism has been studied in several fish models (BERG et al., 1997; BERGSTROM and REIMCHEN, 2000; SASAL and PAMPOULIE, 2000; LOOT et al., 2001; NOSIL and REIMCHEN, 2001 ). However, results were not systematically convincing because (i) the measured traits could response differently to the presence of the parasites and (ii) parasite species or classes may have different effects on the development of the measured traits. In order to integrate all these possibilities, we decided to consider (i) each measured trait and each parasite class/niche independently and (ii) to confront all the measured traits and all the parasite species in two distance matrices.
We found no relationship between asymmetry and parasitism, excepted for parasites found in the stomach. Our results suggest that neither the different classes of parasites nor the whole community represents causes or consequences of the yellow eel asymmetry.
Our result may suggest that no ecological difference, in terms of diet composition and exposure to infectious agents, exist between asymmetric and symmetric eels. Parasites found in the studied eels were both direct (monogeneans) and complex life-cycle parasites (digeneans, nematodes and acanthocephalans). In the last case, eels acquired the parasite by eating infected intermediate hosts. The absence of difference in parasite community composition between asymmetric and symmetric eels may reveal that there is no difference in space occupation or prey choice between the studied eels. Thereafter, we can hypothesise that other factors are responsible of the observed asymmetries.
The genetic incapacity of the fish to buffer developmental anomalies (asymmetry) has been supposed to be related with the susceptibility to parasitism (MØLLER, 1996) . That means that the presence of parasites could be a consequence of the asymmetry and not the cause. The yellow eel is the final host for all the parasite species found. In this study, because the parasite species found have to reproduce in the eel, i.e. the final host, we may assume that the fitness of the parasite is strongly linked with the one of the host. Selective pressures should thus have favoured the lowest virulence of the parasites and the highest resistance of the eels and this should be even truer for ancient host parasite interactions. Pseudodactylogyrus sp. and Anguillicola crassus constitute younger eel parasite associations as they have been introduced in the last 30 years (BRUSLÉ, 1994) . These parasite species should thus be characterized by a higher virulence (COMBES, 1995) , which is confirmed by some massive mortalities induced by A. crassus (MOLNÁR et al., 1991; BARUŠ and MORAVEC, 1999) . We may hypothesise that they should be better tags for asymmetric eels. However, our results seem not to support this hypothesis, as we did not find any relationship between these invasive species and asymmetry.
Our result seems to be in agreement with the fact that parasite community as a whole could not be considered as a cause of the yellow eel asymmetry, because of a suspected low metabolic cost. However, a positive relationship between the asymmetry of length and width of otoliths and parasites found in the stomach (Lecithochirium gravidum, Helicometra sp., digenean species 1 and 2) was established. Even if the precise pathway by which the digeneans exert their influence on the eel remains undocumented, by definition parasites remove a fraction of the available energy for the host. Moreover, digenean infections may induce general and local physiological disorders in the gastrointestinal tract. On the one hand, several studies on gastrointestinal parasitism, concerning a wide range of parasitehost systems, have shown a chronic reduction in food intake and a lost of the digestive and absorptive capacities of the mucosa at the infection site (HOSTE, 2001 , for a review). On the other hand, the stomach of fishes presents absorptive capacities (BUDDINGTON and DIAMOND, 1987) . Digeneans could thus be responsible for a part of the asymmetry by disturbing directly or indirectly some nutrients metabolism. Otolith measurements may rapidly vary and therefore may be more prone to translate stresses caused by parasites into asymmetry. Current work on the direct physiological effects of the parasites on the eels will be published shortly.
